Infrared spectroscopy is used to observe the orientational fine structure arising from ortho-H2 adsorbed at the primary site of the microporous framework MOF-5. The Q1(1) vibrational transition shows at least two symmetrically spaced fine structure bands on either side of the main band. These grow in relative intensity with increasing H2 concentration indicative of interacting H2 pairs. This interpretation is strongly supported by D2 addition experiments, which cause a large increase in intensity of the fine structure bands with only minimal change in the main band. The spectra are analyzed in terms of H2 · · · H2 electric quadrupole-quadrupole interactions. Consistent with this approach we observe no fine structure bands for the Q1(0) vibrational transition arising from para-H2, which does not possess a quadrupole moment.
Infrared spectroscopy is used to observe the orientational fine structure arising from ortho-H2 adsorbed at the primary site of the microporous framework MOF-5. The Q1(1) vibrational transition shows at least two symmetrically spaced fine structure bands on either side of the main band. These grow in relative intensity with increasing H2 concentration indicative of interacting H2 pairs. This interpretation is strongly supported by D2 addition experiments, which cause a large increase in intensity of the fine structure bands with only minimal change in the main band. The spectra are analyzed in terms of H2 · · · H2 electric quadrupole-quadrupole interactions. Consistent with this approach we observe no fine structure bands for the Q1(0) vibrational transition arising from para-H2, which does not possess a quadrupole moment. 
I. INTRODUCTION
Solid hydrogen is a molecular quantum crystal in which the individual molecules are almost freely rotating even at the lowest temperature 1, 2 . This leads to a rich infrared (IR) behavior with extremely sharp lines [3] [4] [5] [6] . In particular, solid para hydrogen, in which the nuclear spin quantum number I = 0 and the molecular rotational quantum number J = 0, is seen as an ideal matrix to study isolated impurity species 7 . In a J = 0 state, para-H 2 does not possess a quadrupole moment and its intermolecular interactions are purely isotropic. In contrast, ortho-H 2 (I=1, J = odd and = 1 at low temperature) has a quadrupole moment and significant anisotropic interactions. Much work has been devoted to the study of isolated pairs of ortho-H 2 within an otherwise para hydrogen solid 3, 6, [8] [9] [10] . Electric quadrupole-quadrupole (EQQ) interactions within ortho-H 2 pairs lift the orientational degeneracy leading to a complex IR spectrum 1, 3, 8 . This array of closely spaced IR lines that only became apparent with high-resolution spectroscopy have been referred to as the pair or alternatively, fine structure spectrum 6, 9, 10 . We will use the term fine structure (FS) throughout this paper.
In this investigation we extend the work with ortho-H 2 pairs by trapping small numbers of H 2 molecules at isolated sites within a metal-organic framework (MOF) crystal. MOFs are a class of materials consisting of metal coordination clusters joined together by organic linkers to form microporous structures [11] [12] [13] [14] . Due to their high porosity and crystalline nature, MOFs have received much attention with regards to hydrogen storage. The MOF composition and structure can in principle be tuned to a particular purpose. However, to date no MOF has been achieved with the necessary properties to store H 2 under ambient conditions. In particular obtaining a material with the optimal H 2 adsorption enthalpy of -15 to -20 kJ/mol is seen as key 15 . MOF· · ·H 2 interactions arise from dispersion (van der Waals), polarization, and charge-transfer mechanisms 15 . These are notoriously difficult to model due to the inherent electron correlation terms and the complexity of the MOF unit cell 16 . Because the IR activity of H 2 trapped within a MOF arises from MOF· · ·H 2 interactions, their spectra provide an ideal way to test the different proposed interaction models. Additionally, IR features that arise through H 2 · · ·H 2 interactions should provide direct information about the state of the adsorbed H 2 and the degree to which chargetransfer and polarization has occurred.
MOF-5 is a prototypical framework with one of the largest hydrogen storage capacities by weight 17 . Neutron diffraction has provided the most descriptive experimental evidence of the preferred H 2 adsorption sites in this material 18, 19 . There are four equivalent crystallographic positions referred to as the cup or primary site per MOF Zn 4 O(O 2 C-) 6 cluster. Below 50 K and concentrations of four H 2 per cluster, essentially all of the adsorbed H 2 are located at these primary sites 19 . At higher loadings less strongly bound sites become populated 18 . In addition to MOF-5 being the most well characterized of the MOFs, it also produces some of the sharpest IR spectra for an adsorbed species, making it an ideal test material 20, 21 . In an earlier paper we measured the rovibrational IR spectrum for H 2 in MOF-5 that established the frequencies for the pure vibrational (Q), rotational sideband (S), and translational sideband (Q trans ) transitions 20 . These data were used by Kong et al. to theoretically model the interaction potential between the H 2 and the MOF 22 , and more recently by Matanovic et al. using a quantum mechanical five-dimensional approach 23 . However, in neither of these models were H 2 · · · H 2 interactions included. While H 2 · · ·H 2 interactions are well understood in the case of solid hydrogen 2 and isolated pairs of H 2 molecules 1 , it is not clear how these interactions need to be modified in the case of adsorbed H 2 . This will prove critical for any practical device aimed at hydrogen storage or isotopologue separation in which H 2 · · ·H 2 interactions need to be taken into account.
While earlier work hinted at FS associated with ad- sorbed H 2 spectra, none used the necessary combination of low temperature, low H 2 concentration, and high resolution to resolve individual features 20, 21, 24 . In this paper we focus on conditions in which only the cup or primary site of MOF-5 is occupied with H 2 . The next section provides a theoretical background to EQQ interactions, while the experimental data are presented in terms of H 2 concentration and time dependent spectra, along with the effects due to D 2 addition.
II.
H2 · · · H2 INTERACTIONS Figure 1 shows MOF-5 with two of the four possible primary sites of a Zn 4 O(O 2 C-) 6 cluster occupied by adsorbed H 2 molecules. The sites are separated by 6.2Å and arranged in a tetrahedron around the central oxygen atom 18, 19 . There are also three next nearest-neighbor sites (not shown) on different MOF clusters at a distance of 8.6Å 18, 19 . In contrast to solid hydrogen, crystal field effects dominate the H 2 level splitting in MOF-5 with the interaction between pairs of H 2 molecules acting as a smaller perturbation. As shown in Fig. 2 , crystal field effects cause the triply degenerate J = 1 state to both split and shift to lower energy. The m = 0 level (H 2 "pointing" towards the central oxygen atom) is now significantly higher in energy than either the m = ±1 levels 22 . We note that Ref.
22 uses two conflicting definitions for the these levels and so we adopt the ±1 form which we take be the more physical. In this notation the single particle states are defined as
Defining a"crystal" Z 1 -axis as that joining the H 2 to the central oxygen atom, Kong et al. estimated a 44 cm −1 energy difference between m = 0 and m = ±1, with a ∼ 0.5 cm −1 splitting of the m = ±1 levels 22 . For two non-interacting ortho-H 2 molecules occupying primary sites, the ninefold degenerate J = 1 pair states are crystal field split into six separate levels, as shown by the third column in Fig. 2 (the notation is defined in Table S2 ). To include H 2 · · ·H 2 interactions we build on the work with solid hydrogen. Because the J = 0 rotational state has no quadrupole moment both para-H 2 · · ·para-H 2 , and para-H 2 · · ·ortho-H 2 interactions are negligible in comparison to those of ortho-H 2 · · ·ortho-H 2 1 . Thus we can restrict our analysis to ortho-H 2 , which for the temperatures used in this study are in the J =1 rotational state. For two isolated J = 1 molecules their interaction is dominated by the EQQ term that scales with R −5 . The EQQ coupling constant, Γ(R) has a value in solid hydrogen of 0.56 cm −1 for a nearest-neighbor distance of 3.8Å
1 . In the case of MOF-5, where the nearest-neighbor sites are 6.2Å apart, we would expect Γ to be 0.06 cm −1 . The EQQ interaction potential is given by
where R 12 is the H 2 · · ·H 2 separation distance, ω i are the polar angles of the respective H 2 molecules with regards to a Z 12 -axis (see Fig. 1 ) joining their centers, C(224; µ, −µ) is a Clebsch-Gordon coefficient, and
To represent the EQQ effect in the crystal frame rather than the vector joining the molecular centers we follow the approach of Gray, which leads to
where Ω i are the polar angles of the respective molecule in the crystal frame and Ω 12 is the angle between the Z 1 and Z 12 axes. The fourth column in Fig. 2 shows the resulting energy level scheme in which both the crystal field and EQQ terms are included. The ninefold degeneracy is now completely lifted, with four levels grouped at lower energy and five more at much higher. The five upper levels correspond to the case where at least one of the H 2 molecules has m = 0 in either the Z 1 or Z 2 frame. The lower four levels are linear combinations of m = ± 1 in their own frame. For the temperatures used in this study only the four lower energy levels are thermally populated. 
III. EXPERIMENTAL PROCEDURE
The synthesis and characterization of the MOF-5 samples used in this paper have been presented in our previous report 21 . Infrared measurements were taken using a Bomem DA3 spectrometer with both quartz halogen and globar sources, in conjunction with a KBr beamsplitter and mercury cadmium telluride and indium gallium arsenide detectors. A broadband visible filter was used to minimize sample heating by the IR source. In all cases measurements were performed using the diffuse reflectance technique outlined in our earlier work 20 . This technique significantly enhances the IR signal of adsorbed H 2 in comparison to traditional transmission measurements. A custom-built cryogenic chamber allows the sample powders to be mounted, degassed, cooled, and dosed with hydrogen without exposing them to air 26 . Dosing with normal -H 2 (H 2 with a 3:1 ortho:para ratio) is performed at 77 K using a Micromeritics ASAP 2020 instrument. The sample is then cooled to the system's base temperature of 15 K at a rate of 5 K/minute. This rate is chosen as the optimal to achieve thermal equilibrium while minimizing ortho to para conversion within the MOF. The overall pressure drop is used to determine the quantity of gas adsorbed. In all cases spectra are referenced to the background spectrum of MOF-5 containing only He thermal exchange gas. 
IV. RESULTS AND DISCUSSION
A. Fine structure spectrum
Due to the well known vibrational-rotational coupling, the vibrational spectrum of gas phase H 2 contains Q 1 (1) and Q 1 (0) modes separated by 6 cm −127 (the number in parentheses refers to the J value and the subscript 1 indicates a transition to the ν = 1 vibrational state). In the case of H 2 in MOF-5 the separation is increased to 8 cm
with the Q 1 (1) mode at 4128 cm −1 and Q 1 (0) at 4136 cm −120,21 . The identification of these peaks as Q 1 (1) and Q 1 (0) is confirmed by their ortho to para conversion over time. Figure 3 shows the IR absorption spectrum at 15 K in the Q 1 (1) region for a concentration of two H 2 per MOF cluster. The Q 1 (1) band is composed of at least five distinct peaks while in contrast the Q 1 (0) (see Fig. S1 supplemental material 28 ) band appears with a single distinct peak. The Q 1 (1) sidebands, labeled A, E and B, D are almost symmetrically displaced to the low and high frequency side from the central band, C. The C band is somewhat broader than the sidebands A, B, D, and E, with the Q 1 (0) having a significantly smaller FWHM than any of the Q 1 (1) bands. As shown in Fig. S2 , the sidebands broaden significantly with increasing temperature such that individual FS features are no longer apparent at 25 K 28 . Figure 4 shows the absorption spectra for a series of increasing H 2 concentrations. The concentrations listed are based on the total adsorbed quantity of H 2 as determined by the pressure drop upon loading. the ortho concentration is 3/4 of this value, but ortho to para conversion within the MOF may make the actual ortho-H 2 concentration slightly lower (see Fig. 5 ). At the lowest concentration of 0.7 H 2 (∼ 0.5 ortho-H 2 ) per MOF cluster the spectrum is dominated by the central C band with only weak broad wings on either side. At a concentration of 1.3 H 2 (∼ 1.0 ortho-H 2 ) per cluster the FS features are evident with indication that the D band is composed of at least two peaks. The sidebands become more pronounced with further increase in concentration and at the highest concentration shown in Fig. 4 there are clearly new features outside of the five labeled in Fig.  3 . In general the concentration dependence of bands A, B, D, and E are the same as each other and it seems likely that they have a common origin. As shown in Fig. S3 the intensity of these FS bands relative to that of the central C band initially increases nearly linearly with concentration before curving over at higher concentration.
B. Concentration Dependence
In addition to enabling the characterization of peaks as ortho or para, the evolution of the spectra with time provide further evidence to the origin of the FS bands. Figure 5 shows the Q 1 (1) absorption spectra over a time period from 40 to 270 minutes after loading. All of the peaks decrease in intensity with time, indicating that they originate from ortho-H 2 . The central C band's time dependence is similar to that of the main rovibrational S 1 (1) band (see Fig. S4 28 ). However, the FS bands show a much more dramatic decrease consistent with an origin from ortho-H 2 pairs or higher number groups. In many ways the time dependence of the Q 1 (1) FS is similar to that of the concentration dependence, indicating that the behavior arises from a changing ortho-H 2 concentration at a particular crystallographic site rather than the occupancy of some new MOF environment.
The fact that the FS is only present for the ortho Q 1 (1) mode, that it appears under conditions when only the primary site should be occupied, that the relative intensity of the FS grows with increasing concentration, and that it decreases with ortho to para conversion over time all point to the bands A, B, D, and E arising from pairs of interacting H 2 molecules. In the case of solid hydrogen, interacting H 2 pairs lead to so called double transitions 29, 30 . These are ones in which two molecules are excited by a single photon and arise through the quadrupole field of one H 2 inducing a dipole moment via the polarizability of a second H 2 3,5,6 . In addition to producing FS in both Q 1 (1) and Q 1 (0) modes, double transitions also lead to additional bands associated with rovibrational S-transitions 5, 10, 31 . We see no evidence for these double transitions which is not surprising given the large H 2 · · ·H 2 separation in MOF-5. An estimate of the double transition intensity, which is proportional to QαR −4 ) 2 , where Q is the H 2 quadrupole moment, α its polarizability, and R the nearest neighbor separation, is more than two orders of magnitude less than estimates for single H 2 · · ·MOF-5 induced transitions 22 . It thus seems unlikely that the observed FS features arise from double transitions.
Restricting our analysis to single transitions, i.e. ones in which only one H 2 molecule changes its quantum state, Fig. S5 shows the possible Q 1 (1) transitions in the frequency region around 4128 cm −128 . These are grouped together in five distinct bands illustrated by the stick spectrum in Fig. 3 . Due to the slight increase in the H 2 polarizability 32 and quadrupole moment 33 in its vibrationally excited state, these five bands are composed of 12 distinct transition energies. There are three parameters determining the structure of the stick spectrum. The first is the shift of the vibrationally excited J = 1 level relative to that of gas phase H 2 . This is set to agree with previous published experimental data 21 and is consistent with the empirically established relationship between the H 2 vibrational redshift and site binding energy 24, 34, 35 . The second parameter is the crystal field splitting of the m = ±1 levels for an isolated H 2 in MOF-5. A value of 0.8 cm −1 leads to good agreement with the data in Fig.  3 . This value is 1.6 times greater than the 0.5 cm −1 estimated by Kong et al 22 . Similarly, the previously observed experimental value for the m = ±1 to m = 0 splitting is 1.4 times greater than the Kong theoretical estimate 22 . The final parameter controlling the stick spectrum is the Γ value for the EQQ interaction, which is set to be simply the distance scaled value based on that of solid H 2 . By varying these three parameters we see that the shift controls the location of the central four lines that agree well with the C band frequency, the crystal field splitting controls separation of the side lines from the central group, while the Γ value for EQQ leads to the splitting between the two pairs on the high and low frequency side of the central group.
The experimental spectra indicate that the H 2 · · ·H 2 interaction in MOF-5 is somewhat stronger than that predicted by the simple EQQ interaction. The best fit (see Fig. S6 28 ) indicates an EQQ interaction ∼ 15% greater than the scaled value based on solid H 2 . This increased interaction could occur from H 2 modification by the MOF-5, either through polarization or chargetransfer 15 . Also, our model is very simple and does not include center-of-mass translational state averaging or effects due to triply and quadruply occupied MOF clusters. Finally, we note that the presence of the four central lines in the stick spectrum, indicates a contribution to the C band intensity from both single and pairs of ortho-H 2 . This explains the curving over of the relative intensity plot at higher concentration in Fig. S3 .
For the concentration range shown in Fig. 4 there are no additional features associated with the Q 1 (0) mode or at the known location of bands arising from secondary site occupancy 20 . This is consistent with neutron diffraction data, which indicate that under our loading conditions the binding energy difference between the primary and secondary sites is such that at equilibrium essentially all of the adsorbed H 2 populates the primary site with no significant occupancy in secondary sites 19 . The additional features appearing in the highest concentration spectra in Fig. 4 are most likely the result of triply or quadruply occupied MOF clusters. Modeling the spectrum of such J = 1 clusters is beyond the scope of this paper and even in the much simpler case of solid hydrogen has rarely been done 3, 5 . The H 2 · · ·H 2 interaction energy (< 0.1 meV) is too small to produce any significant grouping of the adsorbed H 2 at the primary sites above and beyond a simple random distribution
28 .
An interesting aspect of the spectra shown in Fig. 4 is the lack of FS sidebands at the lowest concentration when most of the adsorbed H 2 are in singly occupied clusters. Even in the absence of H 2 · · ·H 2 interactions, crystal-filed effects from the MOF leads to a ∼ 0.8 cm
splitting between m = ± 1 levels. This could lead to FS bands at ± 0.8 cm −1 on either side of the central C band 28 . Their presence depends on whether ∆m = ±2 transitions are allowed for singly occupied clusters. Theoretical calculations of Kong et al. predict a large dipole moment associated with such transitions 22 . We do not observe any corresponding features in the spectra. While it is possible that the bands are present but with too low an intensity to be observed, it appears that the experimental data and theoretical predictions are inconsistent with each other in this aspect.
C. D2 Addition
As a final test to establish the origin of the FS features, we examined the behavior of an H 2 /D 2 mixture. Because the fundamental vibrational frequency of D 2 is ∼ 1/ √ 2 that of H 2 , its presence should not produce any direct features in the H 2 spectral region 27 . This is confirmed by loading the MOF-5 sample with D 2 . However, D 2 has a very similar quadrupole moment to H 2 (reduced by 1.6 %)
1 and thus it should enhance any H 2 features arising from an EQQ interaction. The black curve in Fig.  6 shows the spectrum for 0.7 H 2 per MOF cluster while the red curve shows that for the same concentration of H 2 but with an additional 2.7 D 2 per cluster. The addition of the D 2 results in only minor changes to the Q 1 (0) and central Q 1 (1) C bands but a dramatic increase in the Q 1 (1) FS. This strongly supports the idea that the H 2 FS originates from EQQ interactions. Given the small difference in quadrupole moments between H 2 and D 2 we would not expect to see any noticeable change in the frequency of the FS peaks upon D 2 addition.
Due to the presence of overlapping MOF-5 bands it is impossible to resolve the fundamental D 2 Q 1 (1) bands in the range of 2990-2995 cm −1 . While the overtone bands are clearly visible, we see almost no sign of FS for either D 2 or H 2 (see Fig. S8 28 ). This is consistent with earlier findings that in the overtone region IR activity arising through H 2 polarization is significantly enhanced relative to that based on the H 2 quadrupole moment 21 . The H 2 polarizability tensor is dominated by the isotropic term, which does not contribute to transitions with ∆m = 0 36 and hence does not lead to any FS bands.
V. SUMMARY
In summary, low temperature spectra reveal a mostly symmetric FS for the Q 1 (1) band of H 2 in MOF-5. The concentration dependence, time dependence revealing ortho to para conversion, and response to D 2 addition all indicate a FS arising from ortho-H 2 · · · ortho-H 2 interactions. The observed peak splitting is explained well through EQQ interactions of multiple H 2 molecules in conjunction with crystal field effects from the MOF-5 cluster. As expected, this relatively simple model does not capture all of the spectral features. Most notably it does not explain the additional substructure to the C and D bands nor the slight asymmetry in intensity and frequency between the high and low frequency sidebands. Most interestingly, the splitting of the FS peaks is somewhat greater than predictions based on unmodified H 2 · · ·H 2 interactions. This is consistent with recent work that suggests that even for weakly bound H 2 a significant degree of charge-transfer and H 2 polarization occurs 15 . Future work will look to incorporate these modifications and examine the FS behavior of adsorbed H 2 in more strongly binding MOFs where the H 2 · · · H 2 interactions should deviate more dramatically from that of solid hydrogen.
